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Abstract: It is now understood that protein ubiquitination has diverse cellular functions in 
eukaryotes. The molecular mechanism and physiological significance of ubiquitin-mediated 
processes have been extensively studied in yeast, Drosophila and mammalian somatic 
cells. Moreover, an increasing number of studies have emphasized the importance of 
ubiquitination in spermatogenesis and fertilization. The dysfunction of various ubiquitin 
systems results in impaired sperm development with abnormal organelle morphology and 
function, which in turn is highly associated with male infertility. This review will focus on 
the emerging roles of ubiquitination in biogenesis, function and stability of sperm 
organelles in mammals. 
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1. Introduction 

Protein ubiquitination has long been recognized as one of the key determinants of protein stability 
and activity. This post-translational modification plays a critical role in a variety of cell functions, such 
as cell proliferation, cell differentiation, signal transduction, protein trafficking, immune response and 
apoptosis. The conjugation of ubiquitin to target proteins (or itself) is evolutionally conserved and has 
the following characteristics. It is mediated through the sequential activities of three ubiquitinating 
enzymes: ubiquitin-activating enzyme (El), ubiquitin-conjugating enzyme (E2) and ubiquitin ligase 
(E3) [1]. To date, broad range of proteins have been reported to undergo ubiquitination, including 
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receptors, transcription factors, ion channels, signaling molecules, cytoskeletal components and 
unnecessary/damaged proteins. E3 enzymes are key factors that determine substrate specificity, and for 
this reason the human genome encodes more than 600 E3s [2]. In addition to the high number of E3s, 
the different modes of ubiquitin conjugation reflect the functional diversity of protein ubiquitination. 
Proteins can be modified by addition of single ubiquitin molecule (monoubiquitination) or a polymer 
of ubiquitin (polyubiquitination). Ubiquitin contains seven lysine residues (K6, Kll, K27, K29, K33, 
K48 and K63) that can be conjugated to another ubiquitin molecule, thereby forming at least seven 
different polyubiquitin linkages [3]. A K48-linked polyubiquitin chain generally serves as a signal for 
protein degradation by the proteasome. Monoubiquitination and K63 -linked ubiquitination have 
various non-proteasomal functions, such as endocytosis, protein trafficking and DNA repair. Other 
ubiquitin linkages are comparatively minor, but they appear to function in proteasomal degradation 
and DNA repair [4]. Ubiquitination is counteracted by deubiquitinating enzymes that remove ubiquitin 
from protein substrates [5]. The molecular mechanism and physiological significance of ubiquitin-mediated 
processes have been extensively studied in yeast, Drosophila and mammals, but have been much less 
investigated in germ cells. However, over the years, an increasing number of studies have emphasized 
the importance of the ubiquitin system in male gametogenesis (spermatogenesis) and fertilization. 
Sperm have unique membranous organelles specialized for sperm motility and penetration, that is, a 
condensed nucleus, an acrosome and helically arranged mitochondria. Defects in organization and/or 
integrity of these organelles are closely associated with impaired sperm function and male infertility. 
In somatic cells, protein ubiquitination plays a central role in the regulation of the morphology and 
function of membranous organelles, for example, protein quality control in the endoplasmic reticulum 
(ER), protein sorting in endosomes and mitochondrial dynamics [6-8]. Likewise, it could be important 
for the maintenance of the integrity of sperm organelles. This review will focus on recent advances in 
the state of knowledge concerning the role of protein ubiquitination in biogenesis and the function and 
stability of sperm membranous organelles. 

2. Ubiquitinating and Deubiquitinating Enzymes during Spermatogenesis 

Spermatogenesis is a complex and dynamic process by which the metamorphosis of male germ 
cells into mature spermatozoa takes place. During mammalian spermatogenesis, spermatogonial stem 
cells proliferate and differentiate into spermatocytes by mitotic division. Subsequently, diploid 
spermatocytes undergo meiosis and differentiate into haploid round spermatids. Round spermatids 
transform into elongated spermatids through a unique differentiation process called spermiogenesis, 
and then eventually develop into mature spermatozoa. Spermiogenesis includes nuclear shaping, 
acrosome biogenesis, flagellum formation, mitochondrial rearrangement and cytoplasmic trimming 
(Figure 1) [9]. Several testis transcriptome studies have shown that the complex process of 
spermatogenesis is regulated by a highly integrated mechanism that involves changes in gene 
expression in a developmental stage-dependent manner [10-12]. An increasing number of gene 
products have been found to have specialized biological functions required for the different phases of 
spermatogenesis. Indeed, a recent proteomics study identified more than 4,600 human sperm proteins, 
of which approximately 220 are sperm-specific [13]. Since ubiquitin was first isolated from the testes 
of trout and mammals [14,15], more than 30 ubiquitinating enzymes have been identified as important 
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regulators of spermatogenesis [16]. It is estimated that approximately 70 E3 ubiquitin ligases are 
expressed during spermatogenesis in mice [17], suggesting that the ubiquitin system has diverse 
functions. Further investigation is needed to address the physiological roles of the as yet 
uncharacterized sperm E3s. Mammals contain -90 deubiquitinating enzymes, many of which are 
associated with pathogenesis [18]. At present, little is known about the expression and physiological 
roles of deubiquitinating enzymes in male gamete cells. Several deubiquitinating enzymes have been 
identified as important regulators of spermatogenesis and both their mutations and targeted disruption 
reportedly cause severe abnormalities in sperm development and fertility [19-25]. A recent study 
reported the expression of 205 genes of the ubiquitin system in gonocytes and spermatogonia [26]. 
Among them, 91 genes with a relatively high expression included not only E3s but also 
deubiquitinating enzymes, such as ubiquitin-specific protease (USP)2 and USP19, suggesting that 
deubiquitination has an important role in gonocyte differentiation [26]. 

Figure 1. Biogenesis and morphological changes in intracellular membranous organelles 
during spermiogenesis. In round spermatids, the acrosome sac is formed and enlarged by 
the continuous fusion of Golgi-derived vesicles. In elongating spermatids, the acrosome sac 
then flattens and covers the anterior half of the nucleus. In the nucleus, histone-to-protamine 
replacement occurs, which allows the nucleus to become condensed with the aid of the 
manchette structure. In elongated spermatids, mitochondria are aligned along the anterior 
part of the flagellum (the midpiece) and tightly packed to form the helically arranged 
mitochondrial sheath. 

Round spermatid Elongating spermatid Elongated spermatid 



3. Roles of Ubiquitination in Sperm Organelles 

3.1. Histone Ubiquitination for the Purpose of Nuclear Condensation 

The head of a sperm contains a highly condensed nucleus with densely packed genomic DNA, which 
facilitates both its protection from nucleases and mutagens and its transportation to an oocyte [27,28]. 
Nuclear condensation is believed to be achieved by coordinated spermatogenesis-specific processes 
including chromatin condensation, acrosome formation and the remodeling of cytoskeletal structures [29]. 
Chromatin condensation is mediated by the removal of the histone from the nucleosome, where 
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histones are initially replaced by transition proteins and subsequently by protamines, small arginine-rich 
proteins. Owing to the large number of positively charged residues, protamines bind to and neutralize 
negatively charged DNA, resulting in tighter chromatin packaging in the sperm nucleus [30]. Histone 
ubiquitination has been shown to play an important role in chromatin condensation during 
spermatogensis. Histone H2A is ubiquitinated in pachytene spermatocytes during the first meiosis and 
in elongating spermatids just prior to histone -to-protamine transition [31]. In yeast, the Rad6 (Ubc2) 
E2 enzyme catalyzes the monoubiquitination of histone H2B in conjunction with the Brel E3 
enzyme [32-36]. Rad6/Brel -mediated monoubiquitination of H2B triggers the subsequent methylation 
of histone H3 [36-39], leading to transcriptional activation and elongation [40-43]. This function is 
evolutionally conserved throughout the higher eukaryotes [44,45]. Although Rad6 catalyzes the 
ubiquitination of both H2A and H2B in vitro [32,33], H2A ubiquitination is not detected in yeast. 
Numerous studies have demonstrated that H2A ubiquitination has a role in the transcriptional silencing 
that takes place in higher eukaryotic cells [44,45]. HR6B (UBE2B), a mammalian homolog of yeast 
Rad6, is highly expressed in elongating spermatids and is localized to the euchromatin area [46]. In 
mice, disruption of HR6B results in male sterility due to impaired spermatogenesis, with extensive 
apoptosis of spermiogenic cells and abnormal sperm head morphology [47]. Incomplete histone 
displacement occurs in the nucleus of 7/i?<5i?-deficient sperm [47]. These observations suggest that 
ubiquitination by HR6B is essential for histone eviction and subsequent nuclear condensation in 
elongating spermatids. In post-meiotic spermatids, histone ubiquitination is likely to facilitate the 
relaxation of chromatin structures, which increases the accessibility for transient proteins/protamines 
as well as transcriptional regulators. It is known that histones are heavily acetylated prior to their 
replacement and then disappear in elongating spermatids [48]. Surprisingly, Qian et al. [49] have 
recently shown that acetylation and not ubiquitination serves as the signal for proteasomal degradation 
during spermatogenesis. The proteasome activator PA200 binds to the end of the 20S proteasome [50] 
and recognizes acetylated histones for proteasomal degradation [49]. In mice, deletion of PA200 
causes reduced male fertility due to impaired spermatogenesis [51]. In addition, an increased level of 
certain histones, including acetylated histone H4, remain in the elongating spermatids of PA200 
deficient mice [49]. Lu et al. [52] have provided evidence for a close link between H2A ubiquitination 
and H4 acetylation. They have shown that the RNF8 E3 enzyme catalyzes H2A ubiquitination and 
simultaneously promotes H4 acetylation through binding to the H4K16 acetyltransferase MOF (males 
absent of the first) [52]. 

Apart from chromatin remodeling in post-meiotic spermatids, histone ubiquitination has a critical 
role in transcriptional silencing during meiosis. During the pachytene stage of the meiotic prophase, 
HR6B and H2A ubiquitination are enriched in the XY body, where the X and Y chromosomes partially 
associate to form a synapsis in their short pseudoautosomal regions [31,53]. Upon forming the XY 
body, the sex chromosomes are silenced through a process called meiotic sex chromosome inactivation 
(MSCI) [54]. Gene disruption of the mouse UBR2 E3 ubiquitin ligase results in male infertility and 
incomplete spermatogenesis, a condition in which spermatocytes are arrested before the pachytene 
stage and die via apoptosis [55]. UBR2 has also been shown to interact with HR6B and mediate MSCI 
by ubiquitinating H2A [56]. However, recent studies have suggested that H2A ubiquitination is not 
required for MSCI [52,57]. In addition, HR6B inactivation affects the methylation and phosphorylation 
of histones but not H2A ubiquitination, suggesting it has a role in the maintenance of postmeiotic 
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silencing [58]. On the other hand, in //i?<55-deficient pachytene spermatocytes, the synaptonemal 
complexes (tripartite protein structures that form between homologous chromosomes during meisosis) 
become longer and the number of meiotic recombination sites increases, suggesting that HR6B may 
have an inhibitory role in meiotic recombination [59]. RAD 18, RNF20 and RNF40 have been 
identified as putative additional partner E3s for HR6B. RAD 18 is enriched in the XY body in mouse 
pachytene spermatocytes and has thus been proposed to be involved in meiotic transcriptional 
silencing [60]. RNF20 and RNF40 are mammalian homologs of yeast Brel, but their expression and 
function during spermatogenesis are unknown [61]. It has been shown that RNF8 catalyzes H2A 
ubiquitination on the XY body and its activity is required for the initial step of nucleosome removal [52]. 
LASU1 (also named MULE-1, ARF-BP1 or HUWE1) is another candidate E3 for H2A ubiquitination. 
LASU1 is expressed in the nucleus from the stage of spermatogonia to pachytene spermatocytes and 
appears to ubiquitinate H2A in a manner dependent on the E2 activity of the testis-specific isoform of 
UBC4 [62,63]. 

In light of these results, it is clear that histone ubiquitination is indispensable for chromatin 
remodeling during mammalian spermatogenesis. To understand the relationship between 
ubiquitination and nuclear condensation, further studies will be required to clarify the precise 
mechanisms underlying meiotic transcriptional silencing and histone eviction. 

3.2. Acrosome Formation and Membrane Trafficking 

3.2.1. TMF/ARA160— A Mediator of Fusion of Golgi-Derived Vesicles 

The acrosome is a large, flattened vesicle overlaying the anterior portion of the sperm nucleus. It 
contains hydrolytic enzymes essential for penetration into the ovule. Acrosome formation begins at the 
early stages of spermiogenesis, with proacrosomal vesicles (also called proacrosomal granules) derived 
from the Golgi apparatus. Numerous newly synthesized acrosomal enzymes, such as acrosin, are 
sorted and packed from the trans-Golgi network (TGN) into the proacrosomal vesicles. The single 
acrosomal sac is formed by attachment of the proacrosomal vesicle to the nuclear envelope and then 
enlarges as more Golgi-derived proacrosomal vesicles fuse (Figure 2). The acrosome gradually 
becomes flattened and ultimately spreads to cover the anterior half of the nucleus. The assembly and 
fusion of the proacrosomal vesicles are most likely controlled by membrane trafficking machinery, 
including Rab and SNARE (soluble iV-ethylmaleimide sensitive factor attachment protein receptor) 
proteins, which are associated with the Golgi apparatus and acrosome [64-66]. Perturbation of the 
membrane flow to the developing acrosome results in disruption of the acrosome, and infertile and 
round-headed spermatozoa (globozoospermia) [67-71]. Lack of acrosome formation has also been 
observed in mice with a disrupted TMF/ARA160 (TATA element modulatory factor/androgen receptor 
co-activator 160 kDa) gene, which encodes a Golgi-localized coiled-coil protein [72]. In somatic cells, 
TMF/ARA160 participates in the tethering and targeting of transporting vesicles at the Golgi by 
forming a complex with Rab6 and the conserved oligomeric Golgi (COG) complex [73-75]. In 
TMF-deficient spermatids, Golgi-derived proacrosomal vesicles neither fuse with each other nor attach 
to the nuclear envelope, either or both of which might be due to lack of the TMF-Rab6-COG complex [72]. 
It is noteworthy that TMF exerts an E3 ubiquitin ligase activity upon association with an E3 ubiquitin 
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ligase complex in stressed somatic cells [76,77]. Although no substrate proteins have yet been found 
for the E3 activity in spermatogenic cells, TMF-mediated protein ubiquitination may be involved in 
acrosome biogenesis. 

3.2.2. MARCH11 — Regulation of Golgi-to-Endosome Transport 

A subset of newly synthesized proteins is sorted out from the Golgi-to-acrosome pathway in order 
to be delivered to the endosomal system. In fact, some late endome/lysosome proteins, such as 
mannose 6-phosphate receptors and lysosome-associated membrane proteins (LAMPs), are segregated 
from the acrosome. In yeast and somatic cells, monoubiquitin or K63-linked ubiquitin tags serve as 
sorting signals for the delivery of transmembrane proteins to the multivesicular bodies (MVBs), which 
are parts of the endosome system. In the MVB pathway, ubiquitinated cargo proteins are incorporated 
into the intraluminal vesicles of the MVBs by sequential sorting machinery called "endosomal sorting 
complexes required for transport" (ESCRT), and are subsequently transported to the lysosomes [8,78]. 
In spermiogenesis, the presence of the MVBs is evident, but little is known about the sorting 
mechanism or the cargo proteins in the MVB pathway. Given the fact that ubiquitinated proteins are 
present in the TGN, acrosome and MVBs [79], protein ubiquitination is likely to contribute to protein 
sorting in both the acrosome and MBV pathways. Recent studies have shown that TGN-to-MVB 
protein transport is regulated by membrane-associated RING-CH (MARCH) 11, a member of the 
transmembrane E3 ubiquitin ligase family [80,81]. Generally, MARCH proteins control cell-surface 
expression of receptor molecules by mediating ubiquitination and subsequent lysosomal 
degradation [6,82]. In early round spermatids, MARCH11 is localized to the TGN and MVBs, and 
ubiquitinates spermatogenesis-associated multicopy transmembrane (SAMT) proteins which are 
delivered to the late endosomal/lysosomal compartments [80,81]. Cytochemical studies have 
demonstrated that fucose-containing proteins are transported from the TGN to the MVBs during 
acrosome formation [83,84]. MARCH11 has been shown to associate with fucose-containing proteins, 
including the ubiquitinated forms [80], suggesting that it may control the sorting and targeting of 
certain glycoproteins destined for the MVB pathway. 

In our previous reverse-transcriptase PCR experiments, gene expression of other transmembrane 
MARCH E3s (i.e., MARCH2, 3, 5, 6, 8 and 9) were detected in the rat testis, but there is no 
information on their expression, subcellular localization and/or functional roles in male germ cells [80]. 
It is at least known that MARCH7 and MARCH 10, which are non-transmembrane proteins, are 
specifically expressed in elongating spermatids in mid-to-late spermiogenesis and are associated with 
the acroplaxome (see Section 3.2.4) and flagella, respectively, suggesting their possible involvement in 
head shaping and flagellar formation [85,86]. Thus, it may be speculated that MARCH E3s play 
diverse roles in spermatogenesis. 

3.2.3. USP8/UBPy — The Retrograde Pathway for Acrosome Formation 

It is believed that vesicular transport from the Golgi apparatus is indispensable for the acrosome 
formation, but recent reports have pointed out the additional involvement of other trafficking pathways 
from the plasma membrane and endosomes [87-90]. In particular, the deubiquitinating enzyme USP8 
(also named UBPy) has been shown to be localized to the early endosomes and the acrosome during 



Cells 2013, 2 



738 



acrosome biogenesis [90,91]. In somatic cells, USP8 interacts with the ESCRT-0 machinery [i.e., 
STAM (signal transducing adaptor molecule) and HGS (hepatocyte growth factor-regulated tyrosine 
kinase substrate)] and its deubiquitinating activity regulates the endosomal sorting of ubiquitinated 
cargo between the recycling pathway and the lysosomal degradation pathway [92]. Spermatid USP8 is 
also associated with ESCRT-0 through binding to STAM-2, and they are co-localized on the early 
endosome in early round spermatids and later accumulate in the acrosome [90]. Thus, USP8 is likely to 
be involved in acrosome formation by controlling the sorting and ubiquitination status of cargo 
proteins in the endosome-to-acrosome trafficking pathway and/or at the developing acrosome. 
Membrane flow to the acrosome depends on vacuolar protein sorting (Vps) 54, a component of the 
Golgi associated retrograde protein (GARP) complex that is required for retrograde traffic from 
endosomes to the TGN in yeast and somatic cells [93]. The GARP complex tethers retrograde 
transporting vesicles with the acceptor membrane by interacting with the membrane trafficking 
machinery, including Rab and SNARE. A misssense mutation (L967Q) in the mouse gene Vps54 is the 
cause of the wobbler mouse phenotype that exhibits motor neuron degeneration and impaired 
spermiogenesis along with disorganization of the acrosome [94-97]. In wild type mice, Vps54 is 
colocalized with USP8 and ESCRT-0 in vesicular structures in the cytoplasm of round spermatids and 
in the acrosome of elongating spermatids [90]. On the other hand, the accumulation of USP8 and 
Vps54 does not occur in wobbler mouse spermatids [97]. It has long been accepted that acrosome 
biogenesis is accomplished by the supply of membrane and protein components via the biosynthetic 
pathway directly to the acrosome, but these studies suggest a contribution of the retrograde pathway 
from the plasma membrane and endosomes, possibly including the MVBs. 

3.2.4. RNF19a and MARCH7 — Acroplaxome-Localized E3s 

As the acrosome grows, it flattens and spreads over the anterior half of the elongating nucleus. A 
tight association of the acrosomal membrane with the nuclear envelope is mediated by the 
acroplaxome (also known as the subacrosomal layer), an F-actin and keratin 5 containing cytoskeletal 
plate (Figure 2). Since the acroplaxome contains the actin-based motor protein myosin Va and the 
membrane trafficking regulators Rab27a/b, it is thought to provide a transport pathway for the 
proacrosomal vesicles [69,98]. The elongating sperm head possesses another cytoskeletal structure, the 
manchette. The manchette is a transient micro tubule-based skirt-like structure attached caudally to the 
acroplaxome. Given the presence of the kinesin motor proteins (KIFC1, KIF17b and KIF3A) [99-101], 
as well as cytoplasmic dynein [102,103], the manchette is believed to not only mediate cargo transport 
to the acrosome, but also provide driving force for nuclear elongation and acrosome extension. Thus, 
the acroplaxome and manchette complex is likely to be indispensable for acrosome formation and 
sperm head shaping. Recent studies have suggested that the ubiquitin-proteasome system is involved 
in the organization and function of the acroplaxome. Rivkin et al. [104] have identified RNF19a E3 
ubiquitin ligase (also named Dorfin) as a component of the acrosome and acroplaxome. RNF19a is 
present on the Golgi-derived proacrosomal vesicles and later on the outer acrosomal membrane and the 
acroplaxome in the spermatids and spermatozoon of rats. In these structures, RNF19a forms a complex 
with Psmc3 (also named TBP-1), a subunit of the 26S proteasome [104]. In addition, ubiquitination, 
including K48-linked ubiquitination, is detected in the acrosome/acroplaxome regions [79,86,104]. 
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RNF19a may thus mediate the quality control of abnormal or unassembled acrosome/acroplaxome 
proteins by targeting them for proteasomal degradation. In addition to the acrosome/acroplaxome 
localization, RNF19a is also present in the manchette, centriole and flagellum, suggesting it may also 
play a role in intraflagellar transport or sperm tail formation [104]. Likewise, MARCH7 E3 ubiquitin 
ligase has been shown to be localized to the acroplaxome and flagellum in the elongating spermatids 
and spermatozoon of rats [86]. MARCH7 catalyzes the formation of K48-linked ubiquitin chains, 
suggesting its possible role in protein degradation [86]. However, the identification of substrate 
proteins of both RNF19a and MARCH7 has not yet been reported, and is needed to elucidate their 
functions in the mechanism underlying acrosome and flagellar formation. 

Figure 2. Schematic diagram of the transport pathways during acrosome formation. The 
major membranous organelles and intracellular transport pathways are indicated, with the 
anterograde biosynthetic pathway in green, the endocytic retrograde pathway in black and 
the trans-Golgi network (TGN)-to-multivesicular body (MVB) pathway in red. The 
reported ubiquitinating and deubiquitinating enzymes involved in these transport pathways 
are indicated. 




3.3. Maternal Inheritance of Mitochondrial DNA 

3.3.1. Ubiquitination of Sperm Mitochondria 

Mitochondria are essential organelles that generate most of the cell's supply of energy (ATP) 
obtained by oxidative phosphorylation. They also play other important cellular roles, including lipid 
and amino acid metabolism, calcium buffering, energy transmission, signal transduction and apoptosis. 
Mitochondria have multiple copies of their own genomic DNA (mitochondrial DNA; mtDNA) that 
encodes 13 essential components of the oxidative phosphorylation system, 22 transfer RNAs and 2 
ribosomal RNAs; the majority of mitochondrial proteins are encoded by nuclear genomic DNA. 
Mitochondria often generate reactive oxidative species (ROS) as a toxic byproduct of oxidative 
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phosphorylation. ROS damage mitochondrial DNA, proteins and lipids, leading to mitochondrial 
dysfunction. Damaged mitochondria release calcium ions and pro-apoptotic molecules, such as 
cytochrome c, into the cytosol, which triggers apoptosis. Thus, an accumulation of mtDNA mutations 
is associated with aging and neurodegenerative diseases [105]. 

In mammals, sperm mitochondria are assembled into tightly packed spirals (the mitochondrial 
sheath) around the midpiece of the flagellum. This unique structure enables a quick and efficient 
energy supply for sperm motility. However, it should be noted that there is a growing body of evidence 
that sperm rely on glycolysis rather than oxidative phospholyration for their energy production [106-108]. 
Since sperm need a great deal of energy for both their survival and rapid movement, sperm mtDNA is 
vulnerable to an accumulation of damaging ROS. Mitochondrial DNA is therefore transmitted 
maternally to offspring although paternal mtDNA does enter the oocyte at fertilization [109-1 11]. The 
mechanism for maternal mtDNA inheritance appears to involve the low copy number of sperm 
mtDNA (10-1,000 copies in a sperm compared to 100,000-1,000,000 copies in an oocyte) [112-114] 
and also the degradation of paternal mtDNA in fertilized eggs. Sutovsky et al. have suggested that 
paternal mtDNA is selectively eliminated by ubiqutination and subsequent proteasomal or lysosomal 
degradation of sperm mitochondria [115,116]. Sperm-derived mitochondria are degraded during the 
very early stages of embryogenesis (4- to 8-cell stages) and this degradation is blocked by the 
microinjection of anti-ubiquitin antibody or by treatment of fertilized eggs with ammonium chloride, a 
lysosome inhibitor [116]. Ubiquitination of mitochondria already occurs in spermatocytes [116]. 
Recent studies have detected the formation of K48-linked ubiquitin chains in the midpiece region of rat 
elongated spermatids and mouse spermatozoa [86,117], supporting the idea that paternal mitochondria 
are recognized by the oocyte proteasome. Sutovsky et al. [116] have identified prohibitin, a membrane 
protein of sperm mitochondria, as a substrate of sperm mitochondrial ubiquitination. However, 
additional substrate proteins and ubiquitinating enzymes responsible for sperm mitochondrial 
ubiquitination have yet to be reported. MARCH5 appears to be a candidate E3 ubiquitin ligase, 
because it is a bona fide mitochondrial E3 that targets several mitochondrial proteins for ubiquitination 
in somatic cells [118,119]. Of course, we cannot rule out the possible involvement of other 
non-mitochondrial E3s, such as Parkin (see the next section). Besides the molecular identity of the 
ubiquitinating enzymes, many questions still remain unanswered, for example, when sperm 
mitochondrial ubiquitination occurs, why mitochondria are not degraded in sperm and what 
mechanism ensures the recognition and degradation of paternal mitochondria in fertilized eggs. 

3.3.2. Does "Mitophagy" Eliminate Paternal Mitochondria? 

Recently, selective autophagic degradation of mitochondria (mitophagy) has received significant 
attention as a mechanism to selectively eliminate damaged mitochondria in yeast, Drosophila and 
mammalian somatic cells. One pathway of mitophagy is mediated through the ubiquitination of 
mitochondria. Loss of the mitochondrial membrane potential in damaged mitochondria leads to 
accumulation of PTEN-induced putative kinase 1 (PINK1) on the outer mitochondrial membrane, 
which promotes the recruitment of Parkin E3 ubiquitin ligase. Parkin then ubiquitinates mitochondrial 
proteins at the outer mitochondrial membrane, such as voltage-dependent anion channel (VDAC) and 
mitofusins, thereby leading to the assembly of the autophagic machinery for mitophagy (p62 and 
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LC3) [120,121]. The engulfed mitochondria are degraded upon fusion of the autophagosome with the 
lysosome. Given the activities of ubiquitin- and lysosome-dependent mitochondrial degradation [116], 
one can envision a mechanism that removes sperm-derived mitochondria via mitophagy after 
fertilization. Recent studies in Caenorhabditis elegans reported that sperm mitochondria are degraded 
by mitophagy upon fertilization [122,123]. However, ubiquitination occurs on nematode-specific 
sperm-derived membranous organelles (MOs) but not on mitochondria, which triggers autophagosome 
formation. Since mitochondria are located in close proximity to MOs, they are subjected to mitophagic 
degradation along with them [122,123]. In the case of mammals, there is no clear consensus whether 
sperm-derived mitochondria are eliminated through mitophagy. In mice, autophagy is upregulated after 
fertilization and is essential for early embryogenesis [124]. In addition, fertilization induces K63-linked 
ubiquitination, which is known to be catalyzed by Parkin [125,126], and then the recruitment of p62 
and LC3 to the midpiece of mouse spermatozoa [123]. However, a recent study by Luo et al. [117] has 
demonstrated that even though mouse sperm mitochondria are ubiquitinated and recruit p62 and LC3 
immediately after fertilization, they are not engulfed by autophagosomes and eventually are degraded 
in lysosomes. Furthermore, the study also showed that paternal mtDNA, but not mitochondria, is 
eliminated before fertilization, and that degradation of paternal mitochondria is not essential for 
paternal mtDNA elimination [117]. It is thus possible that mammals may have acquired different 
mechanisms to strictly ensure maternal mtDNA inheritance. Yet it remains unknown whether these 
mechanisms are conserved across species. Further studies should be performed to clarify the 
correlation of mitochondrial ubiquitination with the degradation of sperm mitochondria and mtDNA, 
and to determine if it plays other roles in spermatogenesis, sperm function, fertilization and embryogenesis. 

4. Conclusions 

Based on published reports, it is clear that the ubiquitin system has a central role in the key events 
in spermatogenesis and fertilization. In somatic cells, an extensive number of studies have 
demonstrated that protein ubiquitination plays a key role in controlling protein stability, localization 
and activity. Although the role of protein ubiquitination is less clear in male germ cells, ubiquitinating 
and deubiquitinating enzymes have been shown to regulate the biogenesis, maintenance, stability and 
function of membrenous organelles, including acrosome formation, nuclear condensation, intracellular 
membrane trafficking and paternal mitochondrial elimination. Besides the ubiquitin system described 
here, a number of sperm ubiquitinating and deubiquitinating enzymes have been identified and shown 
to be involved in other biological events required for spermatogenesis (e.g., flagellar formation), sperm 
quality control and fertilization [16,127-130]. Researchers in the field of reproductive biology often 
face difficulties with the culturing and transfection of spermatogenic cells and sperm. Therefore, direct 
evidence for the involvement of the ubiquitin system is thus mostly provided by the phenotypes of 
mutant or knockout mice. Analysis of sperm genetics and organelle function requires specific 
techniques that are able to isolate male germ cells at a specific step and then specific organelles from 
them as well. However, future biochemical characterization and localization studies of 
(de)ubiquitinating enzymes and their substrates will shed light on understanding the mechanism and 
impact of ubiquitin-mediated regulation of sperm organelles. The data by DNA microarray and 
proteomics will help to elucidate the identities of the components of sperm organelles. Moreover, 
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given the fact that different patterns of ubiquitin conjugation confer different biological functions, it 
will be necessary to elucidate the type of protein ubiquitination (e.g., poly-, mono-, K48-linked or 
K63 -linked ubiquitination) is used for each event in spermatogenesis and fertilization. Future increases 
in our knowledge of the functions of sperm protein ubiquitination will provide insight into the 
pathogenesis of male infertility, and thus ultimately, effective treatment. 
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